INTRODUCTION 52
Polyethylene terephthalate (PET) is the most well-known and widespread synthetic 53 polyester all over the world. Its usage comprises foils and bottles as well as fibres for textile 54 industry (1) . Recycling of PET and modification of the properties of PET for different 55 applications by traditional procedures involves harsh chemical and physicochemical 56 treatments (2,3). Enzymatic modification, particularly by cutinases, has in the last decade 57 been recognized as a powerful alternative (4,5), and -besides offering new avenues for 58
PET recycling -has the additional advantage to create a modified PET with increased 59 dyeing efficacy and improved binding to polyvinyl chloridewithout altering the polymers 60 bulk properties (4, 5) . 61
On the other side, the enzymatic hydrolysis of PET has the inherent disadvantage that it 62 occurs at a very slow rate (5,6). The reasons for this are not yet clearly understood: access 63 of the active center of the cutinase to the insoluble substrate apparently is one of the rate 64 limiting points, because enlarging the area around the active site of cutinases from 65 4 fusion of the polyhydroxyalkanoate (PHA) binding module from Alcaligenes faecalis to a 72 cutinase from Thermobifida cellulosilytica was indeed able to increase the rate of PET 73 hydrolysis (12). 74 We have previously introduced yet another way to stimulate PET hydrolysis by cutinases, 75
i.e. by addition of hydrophobins (13). These are small cysteine-rich proteins of exclusively 76 fungal origin that can naturally adsorb to hydrophobic surfaces and to interfaces between 77 hydrophobic (air, oil, and wax) and hydrophilic (water and cell wall) phases (14-16). Their 78 addition stimulated the hydrolysis of PET by a Humicola insolens cutinase (13). The 79 mechanism by which the hydrophobins stimulate the enzymatic activity of cutinases on 80
PET is essentially unknown, however, and could involve the creation of a more hydrophilic 81 surface, binding and targeting of the cutinases to it or even the direct modulation of their 82
activity. 83
The objective of this paper was to study the mechanism of action of hydrophobins on 84 cutinase by comparing the effect of free hydrophobins to that of hydrophobins genetically 85 fused to the cutinase. 86 6 from T. harzianum (accession number KP209450) as well as of the class I-subclass 115 hydrophobin genes hfb9b from T. virens (accession number EHK16817) They were then 116 fused between an N-terminal pelB leader in vector pET26b (+) (Novagen, Germany) for 117 directing the proteins to the bacterial periplasm and a C-terminal 6xHisTag for purification 118 by affinity chromatography. 119
Overexpression was performed in E. coli BL21-DE3 strain (GE Healthcare, Amersham, 120 England). After transformation of E. coli by electroporation, it was cultivated in LB broth 121 containing 40μg/mL kanamycin at 37 °C and agitated at 170 rpm. Expression was induced 122
by the addition of isothiopropyl-β-D-galactoside (IPTG) at a final concentration of 0.05 mM, 123 and the cultures then incubated for 5 hours. Then the cells were harvested by 124 centrifugation (5000rpm, 4 °C, and 10 min) and lysed by ultrasonication (10 cycles; 30 sec 125 pulse with 1 min on ice between pulses). The supernatant was removed by centrifugation 126 at 5.000 g for 30 min at 4 °C, and the pellet (which contained the inclusion bodies with the 127 hydrophobins) washed twice with the equilibration buffer (50 mM sodium phosphate, 128 300mM sodium chloride pH 7.0) containing 2 M urea. After further centrifugation (5.000 g, 129 10 min at 4 °C) the pellet containing the inclusion bodies was solubilized in the 130 equilibration buffer containing 8 M urea and loaded onto 2 mL of Co-charged affinity resin 131
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The genes coding for Thc_Cut_hfb4, Thc_Cut_hfb7 and Thc_Cut_hfb9b were codon 138 optimized for expression in E. coli and synthesized by Geneart (Invitrogen, Germany). The 139 fusion proteins were constructed by connecting the hydrophobins over the linker region 140 (P263-P287) of cellobiohydrolase I from Trichoderma reesei (GenBank P62694.1, [18]) to 141
Thc_Cut1 from Thermobifida cellulosilytica (GenBank ADV92526.1, [19] ). The synthetic 142 genes were cloned over the NdeI and HindIII restriction sites into pET26b(+) allowing 143 expression of the enzymes without the pelB signal peptide. All fusion-enzymes carried a C-144 terminal 6xHisTag for purification by affinity chromatography. 145
Freshly transformed E. coli BL21-Gold(DE3) cells were used to inoculate 20 mL LB-medium 146 supplemented with 40mg/mL kanamycin and cultivated overnight at 37 °C and 160 rpm. 147
The overnight culture was used to inoculate 200 mL LB-medium containing 40 mg/mL 148 kanamycin. The culture was incubated until an OD600=0.6-0.8 was reached. After cooling to 149 20 °C the culture was inducted by addition of IPTG to a final concentration of 0.05 mM. 150
After induction for 20 h at 25 °C (this temperature was chosen to avoid the formation of 151 inclusion bodies) and 160 rpm, the cells were harvested by centrifugation (25 min, 10 °C, 152 4,000 rpm). Cell pellets from 100 mL cell culture were resuspended in 10 mL Ni-NTA Lysis 153
Buffer (50mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8). The resuspended cells 154 were ultrasonified (Vibra Cell, Sonics Materials, Meryin/Satigny, Switzerland) with three 155 30-s pulses under cooling on ice. The lysates were centrifuged (30 min, 10 °C, 4,000 rpm), 156 and purified by affinity chromatography on Ni-NTA-sepharose according to the 
Hydrolysis of PET films 166
Prior to PET hydrolysis, all the films were washed in a three consecutive steps. First in a 167 solution of Triton X-100 (5 g/l), followed by a 100 mM Na2CO3 and finally deionized water, 168 each step last 30 minutes. Hydrolysis of the PET films was performed by incubation 1.0x0.5 169 cm strips of PET films with 5 µM enzyme or enzyme fusion in 2 mL 0.1 M potassium 170 phosphate buffer, pH 7.0, in Eppendorf tubes at 50 °C and 100 rpm. After different time 171 intervals, as indicated, samples were diluted with an equal volume of absolute methanol on 172 ice. Analysis of the released products -terephthalic acid (TA) and mono(2-hydroxyethyl) 173 terephthalate (MHET) -was performed via RP-HPLC, as previously described (8,13). 174
In experiments, where PET was first incubated with the hydrophobins, it was incubated in 175 a 5 µM hydrophobin solution in 0.1 M potassium phosphate buffer (pH 7.0) at 50°C for 3 176 hours. Thereafter the film was transferred to a new Eppendorf tube in which it was 177 incubated with Thc_Cut1 under the same conditions as described for the free enzyme 178 above.
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finally with deionized water (each step 30 min at 50°C); the samples were then incubated 183 with a Tris-HCl buffer (0.1 M, pH 7) containing a final concentration of 50 μg/mL of the 184 corresponding hydrophobin or cutinase-hydrophobin proteins/mL. After 12 h of incubation 185 at 50°C, the PET and glass pieces were washed twice with water and dried for 10 min at 186 50°C. Water contact angles (WCAs) were determined in a drop-shape analysis system (DSA 187 100; Kruss GmbH, Hamburg, Germany) using deionized water as the test liquid with a drop 188 volume of 2 μl. Water droplets were set onto the surface of the PET or glass pieces, and the 189 contact angles were determined after 3 s. 190
SAXS analysis. 191
All measurements were done at the Austrian Small Angle X-ray Scattering beamline at the 192 Elettra Synchrotron Triest. X-ray energy was 8.05099 keV. The beam was optimized with 193 aperture and guard slit for measurements with 1.5 mm glass capillaries. A 2D Pilatus 3 1M 194 detector system was used, sample to detector distance was 999.3 mm. 195
The hydrophobins, cutinase and the respective fusion proteins were put into capillaries 1.5 196 mm diameter and 10 μm wall thickness (Hilgenberg GmbH, Malsfeld, Germany). The scattering intensity I(Q) was split into form P(Q) and apparent structure factor S(Q). 207
The protein form factor is the Fourier transform of the pair correlation of the 208 crystallographic data of cutinase. The pair correlation was computed taking into account all 209 sites as possible source of scattering (21-23). 210
Liquid chromatography-tandem mass spectrometry (LC-MS/MS) 211

LC-MS/MS was performed in a Thermo Orbitrap velos pro mass spectrometer in positive 212
ion mode by alternating full scan MS (m/z 380 to 2000). Protein bands were excised from 213 gels and chymotryptically cleaved according to the manufacturer´s instructions (Roche, 214 Vienna, Austria)). Peptide extracts were dissolved in 0.3% formic acid, 5% acetonitrile and 215 separated by nano-HPLC (Dionex Ultimate 3000) equipped with a µ-precolumn (C18, 5 µm, 216 100 Å, 5 x 0.3 mm) and an Acclaim PepMap RSLC nanocolumn (C18, 2 µm, 100 Å, 150 x 217 0.075 mm) (all Thermo Fisher Scientific, Vienna, Austria). 218
Biochemical Techniques 219
Protein concentration was determined using the Bio-Rad Protein Assay (Biorad, CA, USA ) 220 and bovine serum albumin as standard. The purified proteins were analyzed with SDS 221
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The hydrophobins HFB4 and HFB7 have already been previously investigated (13), 225 however using a glutathione-S-transferase fusion which enhances to their solubility. In 226 order to enable a comparison of their properties with hydrophobins fused to cutinase, we 227
here overproduced them without a fusion, but containing a C-terminal His-Tag to facilitate 228 rapid purification. In addition, we included HFB9b in this study (GenBank EHK16817), 229 because it represents a non-class II hydrophobin (25) and we were interested whether it 230 would show the same or different properties when compared to class II members HFB4 231 and HFB7. 232
The surface modulating activities of HFB4, HFB7 and HFB9b and their respective cutinase 233 fusions is shown in Table 2 : consistent with previous data using GST-fused hydrophobins, 234 free HFB4 and HFB7 considerably raised the hydrophobicity of glass, and HFB4 and HFB9b 235 gave rise to a less pronounced but nevertheless clear increase in hydrophilicity of PET. 236
Interestingly, free non-class II hydrophobin HFB9b had the most pronounced effect on PET, 237 but was almost inactive on glass. 238
Expression of cutinase-hydrophobin fusion proteins in E.coli 239
The hydrophobins HFB4, HFB7 and HFB9b were C-terminally fused over the linker region 240 of cellobiohydrolase I from Trichoderma reesei to the cutinase Thc_Cut1 from Thermobifida 241 cellulosilytica. Expression levels were examined at different time points after induction by12 calculated mass of 38.7 kDa. Interestingly, this protein band disappeared with extended 247 induction times whereas a new protein band around 33 kDa emerged simultaneously 248 (Fig.1, lanes 3) . After 21 h of induction, only the smaller protein band was present (Fig.1,  249 lane 4). MS analysis of the dominant protein band (marked by an arrow in Figure 1 ) 250 revealed that this represented the fusion protein with only a truncated part of HFB4. After 251 10h and 21 h of induction (Fig.1, lanes 5 and 6) , the fusion proteins were also directed into 252 inclusion bodies. Consequently, the fusion proteins were expressed for only 5 h and 253 subsequently purified by affinity chromatography for further use. 254
Biochemical properties of the cutinase-hydrophobin fusion proteins 255
In order to learn whether the fusion to the three hydrophobins has altered the biochemical 256
properties of the cutinase, we first calculated the impact of their fusions on their isoelectric 257 point, using Protparam (26): the cutinase itself has a predicted isoelectric point (IP) of 6.3, 258 and a similar value was obtained for the Thc_Cut1_hfb4 fusion protein. In contrast the 259 theoretical IP of the Thc_Cut1_hfb7 and the Thc_Cut1_hfb9b fusion proteins was elevated to 260 8.0 and 7.4, respectively. This would imply that the solubility of Thc_Cut1_hfb7 at our 261 working pH of 7.0 is lowest, and that Thc_Cut1_hfb4 behaves as an anion, whereas 262
Thc_Cut1_hfb9b behaves as a cation. 263
To test whether the fusion of cutinases and hydrophobins had retained the biological 264 activities of the respective fusion partners, we tested the enzymatic activity of the fused 265 cutinase using the soluble model substrates p-nitrophenyl acetate (PNPA) and p-266 nitrophenyl butyrate (PNPB). The kinetic parameters thereby obtained are given in Table 3 . 267
In general, the fusion to the hydrophobins resulted in a small increase of KM values in case 268 13 of HFB4 and HFB7 but not HFB9b, whereas the enzyme turn-over number kcat was 269 dramatically decreased with all three fusion proteins. Since the fusion to the hydrophobins 270 increases the molecular weight of the cutinase only be about 25 %, this reduction of kcat 271 cannot be explained only be the increase in the molecular weight. Consequently, the overall 272 enzyme efficiency (kcat / KM) was significantly lower too. 273
Surface modulating activities of the cutinase-hydrophobin fusion proteins 274
To test whether the three hydrophobins used in the protein fusions had retained their 275 biological activity, we compared their ability to modify the surface hydrophilicity or 276 hydrophobicity, using glass and PET as solid phase, to that of the pure hydrophobins As 277 shown in Table 2 , HFB4 and HFB7 rendered the hydrophilic surface if glass more 278 hydrophobic, whereas HFB9b was almost inactive in this respect. When fused to cutinase, 279 HFB4 retained this effect, and HFB7 also resulted in increased hydrophobicity, albeit to a 280 smaller degree than free HFB7. Interestingly, the fusion protein containing HFB9b also 281 caused a small increase in hydrophobicity of glass. The ability to render PET more 282 hydrophilic was poor with pure HFB4 and HFB9b, and HFB7 was practically inactive. 283
Interestingly, this small activity of HFB4 and HFB9b was completely lost when fused to the 284 cutinase, whereas the fusion protein with HFB7 exhibited a very small increase in 285 hydrophilicity. 286
Behaviour of the hydrophobin-cutinase fusions in solution 287
We have used small angle X-ray scattering (SAXS) analysis to determine whether the fusion 288 of the hydrophobins to cutinase alters either the protein 3D structure or leads to 289 aggregation or both. HFB4 and HFB9b were used for this analysis. As reference serves the 290 14 hypothetical form factor calculated from the crystallographic data of cutinase (full blue line 291 Figure 2 and Figure 3) . Figure 2 shows the result for free HFB4, alone or in combination 292 with cutinase, and of the cutinase-hydrophobin fusion. HFB4 alone exhibited the lowest 293 scattering contrast, which was only slightly but yet significantly above zero. A similar low 294 scattering was also observed for HFB7 (data not shown) and HFB9b (see below). On the 295 other hand, analysis of a mixture of HFB4 and cutinase already showed a higher scattering 296 contrast, suggesting binding of the two proteins. A still higher scattering contrast, however, 297 was obtained for the fusion protein of Thc_Cut1+HFB4, a mixture of the cutinase Thc_Cut1 298 and hydrophobin HFB4, scatters stronger, which may partially be due to its larger size (38 299 vs 28 kDa), but may also indicate a change in protein conformation or enhanced 300
aggregation. 301
In order to distinguish between the two possibilities -i.e. that the protein fusion leads 302 either to a conformational change or to aggregation -we compared the scattering contrasts 303 of combined additions of HFB4 (1) and HFB9b (2), respectively, to cutinase (Figure 3 ). For 304 this purpose, we assumed identical form factors P(Q) = P1(Q) = P2(Q). We computed the 305 form factors from crystallographic data, blue line Figure 3a) and access the change of the 306 apparent structure factor dS * (Q) of the two systems Figure 3b) . It enables to determine the 307 change of the apparent pair correlation of the two systems Figure 4c ). The corrugation of it 308 reveals a stronger aggregation of cutinase with HFB9b than with HFB4 (Figure 3c As a prerequisite for studying the respective cutinase-hydrophobin fusion proteins used in 313 this study, we tested whether HFB4, HFB7 and HFB9b, expressed without GST-fusion, were 314 also capable of stimulating the hydrolysis of PET by cutinase 1 from T. cellulosilytica. As 315 shown in Figure 4 , all three hydrophobins were able to stimulate PET hydrolysis when 316 added simultaneously, HFB7 and HFB9b being superior to HFB4. It was intriguing to note 317 that the release of MHET was stronger stimulated than that of TA. Interestingly, this picture 318 changed when PET was preincubated with the hydrophobins: this increased the 319 stimulating effect of HFB4 and HFB9b, whereas that of HFB7 was reduced to almost zero. 320
Under these conditions, the ratio of TA to MHET was similar to that obtained by the 321 cutinase in the absence of hydrophobins. Washing the PET films after incubation with the 322 hydrophobins did not yield different results (data not shown), indicating strong binding to 323
PET. 324
When similar experiments were performed with the cutinase_hydrophobin fusion 325 proteins, fusions with HFB4 and HFB7 led to a more than 16-fold higher rate of product 326 release from PET (as seen by the values for 24 hrs) and the TA:MHET was lowest for the 327 fusion to HFB4 (Figure 4) . In contrast, fusion to HFB9b resulted in a stimulation that was 328 comparable to that achieved by combined addition of cutinase and HFB9b, and this 329 stimulation was even lower than that achieved when PET was preincubated with HFB9b 330 before addition of cutinase again indicating the different behavior of this non-class II 331 hydrophobin. 332 DISCUSSION 333
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In this paper, we have investigated whether the fusion of hydrophobins to a PET-334 hydrolyzing cutinase would enhance the activity of the enzyme against PET. The rationale 335 for this was the hypothesis that the previously observed stimulation of PET degradation of 336 cutinase by hydrophobins (13) could be due to a targeting of the cutinases to the surface of 337 PET. Consequently, fusion of the cutinase with the hydrophobin should result in an 338 increase of cutinase molecules per PET surface unit and thus increase hydrolysis, as has 339 recently been documented for a cutinase fused to the polyhydroxyalkanoate (PHA) binding 340 module from Alcaligenes faecalis (12). Indeed, the present data generally verified this 341 hypothesis as the fusion of two of the three investigated hydrophobins (HFB4 and HFB7) to 342 the cutinase resulted in a dramatic (16-fold) increase in the rate of PET hydrolysis over 343 that shown by the enzyme alone or by co-incubation of the cutinase with the hydrophobins. 344
However, the stimulatory effect of the individual hydrophobins varied depending whether 345 they were incubated in combination with cutinase, preincubated to PET or fused to the 346 cutinase. For example, HFB9b, which was most stimulatory when added separately to the 347 cutinase, showed no further stimulation as a fusion, and even stayed below the level 348 obtained by preincubation of PET with the hydrophobin. In addition, although the fusion 349 with HFB7 resulted in an excellent stimulation of the cutinase, its preincubation with PET 350 almost completely eliminated the cutinase activity, thus suggesting that its interaction with 351 the cutinase must be different to that of HFB4 too. Thus it seems that the positive impact of 352 hydrophobins on cutinase activity against PET is not a monocausal effect but due to several 353 interacting events. 354
In theory, the stimulation of cutinase activity by soluble hydrophobins could be due to 355 either an interaction with the surface, binding to the cutinase or a mixture of both. We 356 17 should like to note that the presence of the His-tag could affect the way how hydrophobins 357 interact with proteins when bound to surfaces, but this effect should not be responsible for 358 the differences seen here because all preparations contained the his-tag. Further, a fusion 359 of the hydrophobins to cutinase introduces several additional levels of influence: as we 360 have shown here, the fusion proteins by themselves exhibit a different isoelectric point and 361 thus their hydration will be different and result in a different solubility, but it is unclear 362 whether it impacts other properties. Their charge at the pH of hydrolysis will also be 363 different. In addition, we have also shown that the catalytic efficacy of the cutinase against 364 soluble substrates is significantly decreased in the fusion proteins, implying that the 365 function (and likely stereogeometry) of the active center is altered too, and this also fits to 366 the findings that the fusion proteins formed a higher ratio of MHET to TA in the course of 367 hydrolysis. These effects on soluble substrates and on the variation of the PET release 368 products ratio was observed as well in our previous study in which two binding domains of 369 different nature were fused to Thc_Cut1 (12) 370
In order to interpret these findings, it is necessary to consider the structure of cutinase. The 371 one from T. cellulosilytica has not yet been determined, but bioinformatics analysis 372 confirms that it also has the typical α/β hydrolase fold and its amino acid sequence shows 373 18 enables the binding of and reacting with very large substrates. It might therefore be 380 speculated that a conformational shift that results in a yet wider opening of the active 381 center could increase the activity against insoluble substrates like PET, whereas the affinity 382 and turn over number for small soluble substrates would be decreased. In fact, engineering 383 of the active center of Fusarium solani f. sp. pisi towards accommodating larger substrate 384 molecules enhanced the activity on PET (7, 29) . Since the SAXS analysis also supports the 385 occurrence of a conformation shift, we speculate that one of the reasons for the stimulation 386 of cutinase activity by covalently bound hydrophobins could be an alteration in the 387 conformation of the cutinase active center. However, more detailed structural analyses 388 would be needed to support this hypothesis. 389
It is well known that hydrophobins can self-assemble into a monolayer on hydrophobic 390 surfaces with their hydrophobic patch binding to the surface and exposing the hydrophilic 391 side outward, thus reversing the hydrophobicity of the surface. However, the mechanisms 392 for the assembly of hydrophobins on hydrophilic surfaces have not yet been fully 393 understood (30). It was therefore rational to assume that the stimulatory effect of 394 hydrophobins on PET hydrolysis by cutinase is due to creating a hydrophobic surface that 395 targets the enzyme to its substrate. However, as has now been clearly shown, the cutinases 396 directly bind to the hydrophobic surface of their substrates (6, 28). Also, as we have shown 397 in this paper, the three hydrophobins tested hardly changed the hydrophobicity of PET. On 398 the other hand, the experiments where PET was preincubated with hydrophobins clearly 399 showed that they must bind to PET. An exception was HFB7, where the preincubation 400 failed to show any stimulation of hydrolysis by the cutinase, and it is possible that HFB7 Prestained Protein Ladder, molecular weights are given in kDa. 525
Figure 2. 526
Background corrected scattering data of Thc_Cut1_hfb4 (red circles with gray body), 527
Thc_Cut1+HFB4 (gray squares with pink body) and HFB4 (gray discs with pink body) are 528 plotted against the scattering vector. Bold blue line refer to hypothetical protein form 529 factor. It has to be shifted by a factor to match experimental data of Thc_Cut1_hfb4. 530 
